Distribution coefficients (D) were measured for flavone, monohydroxyflavones, and monomethoxyflavones equilibrated between 1-octanol and aqueous buffer (50 mM MOPS, pH=7.4). The values of LogD were used to determine substitution constants referred to as π values. Hydroxyl groups at the 3 or 5 position of flavone had positive π values (increased hydrophobicity) while hydroxyl groups at other positions had negative π values (increased hydrophilicity). For each monohydroxyflavone, chromatographic capacity factors (k') were determined for both reverse phase (C-18) and immobilized artificial membrane (IAM) columns. For the IAM column, relatively large k' values were observed for both 3-hydroxyflavone and 5-hydroxyflavone indicating that hydroxyl groups at positions 3 and 5 of flavones promote high affinities for phospholipid structures. These results should aid in refinement of quantitative structure activity relationships (QSAR's) that are useful for drug development based on flavonoids as lead compounds.
The plant flavonoids represent one of the largest families of natural products with over 9000 known structures [1] . The flavones represent the largest subgroup and are known for their activities as antioxidants [2] , anti-cancer agents [3] , and preventatives of atherosclerosis [4] . Quantitative structure activity relationships (QSARs) are very important for the development of pharmaceuticals based on the lead structures of flavonoids [5] . One of the most important parameters for predicting flavonoid biochemical activity is the 1-octanol/water partition coefficient, P. It is usually reported as LogP, a value related to the free energy change associated with the partition of a compound between octanol and aqueous phases [6] . The attachment of hydrophobic (non-polar) groups to flavonoids tends to increase many biological activities [7] [8] [9] . Hydroxylation of a flavone or isoflavone can increase the hydrophobicity (increase LogP) if an intramolecular hydrogen bond is formed. For example, a hydroxyl group at position 5 of the isoflavone, genistein, makes it more hydrophobic than daidzein which lacks this hydroxyl group [10] . This causes genistein to locate in the hydrophobic interior of lipid micelles while daidzein is located nearer the polar aqueous interface. This may explain why genistein modulates ion channels more efficiently than daidzein [11] .
The spacing of hydroxyl groups is critical for the binding of isoflavones to the estrogen receptor (ERα) and is probably important for binding of flavones to other receptors [12] . The interaction of hydroxyl groups with the 4-oxo (carbonyl) group or between two hydroxyl groups positioned "ortho" to each other also facilitates intramolecular hydrogen bonding. These interactions are difficult to accurately account for in calculations of LogP based on models [13] . Measured substitution constants, or π values, have been used to define how functional groups alter LogP values for a series of related compounds [14] . The need for more systematic studies correlating flavonoid structural variations with LogP values was recently cited [15] . The 1-octanol/water LogP values for 3-hydroxyflavone (3HF), 5-hydroxyflavone (5HF), 7-hydroxyflavone (7HF), and 4'-hydroxyflavone (4'HF), and corresponding monomethoxyflavones (MMF's) were recently reported [16] . These were measured by the "shake-flask method" using photometric detection. For 3HF, 7HF, and 4'HF the aqueous phase was acidified to pH 2-3 to prevent dissociation of phenolic hydrogen atoms.
A true partition coefficient, P, is defined by the ratio of the concentrations of a single chemical species equilibrated between two immiscible liquids. For the 1-octanol/water system the 1-octanol phase must be saturated with water and vice versa. When the aqueous phase is buffered in the physiological pH range, equilibrium exists between the protonated species and phenolate anion. In this article, the ratio of the concentrations of a flavonoid equilibrated between 1-octanol and aqueous buffered phases will be called a distribution coefficient, D, to distinguish the parameter from a true P value. A summary of pKa, measured LogP, and calculated LogP values for monohydroxyflavones (MHF's) that were previously published by others is given in Table 1 [16] [17] [18] [19] [20] [21] [22] .
In the present study, LogD values were measured in 1-octanol/50 mM MOPS (pH=7.4) buffer since most assays for biological activities of flavonoids are conducted at physiological pH. At pH=7.4, more ionic character is expected for phenol groups of MHF's with lower pKa values. In previously published work (see Table 1 ) 3HF had measured LogP values that were greater than the calculated values and much greater than one published LogD value. Wide variations in the reported LogP and/or LogD values are typical for many common flavonoids [15] . Distribution coefficients for all MHF's and MMF's using the same system and methodology have not been previously published.
The high LogP values previously reported for 5HF are best explained as being due to the internal hydrogen bond between the 5-hydroxyl and 4-oxo groups [16] . The measured LogP values for 3HF are 1.0 unit higher than the calculated values and 0.4 units higher than measured LogP values for 5HF. This is puzzling since the geometry of the 3-hydroxyl group is not optimal for a strong internal hydrogen bond. The low reported value for LogD (-0.17) of 3HF (flavonol) is surprising since its pKa value is Aqueous phase conditions.
[16] -The aqueous phase was pure water acidified to pH=2-3.
[18] -The aqueous phase was pure water.
[19] -The aqueous phase was pure water.
[20] -The aqueous phase was 20 mM Tris-HCl, 140 mM NaCl.
[21] -CLOGPv.5.0, calculation for 1-octanol/water.
[22] -KOWWIN, calculation for 1-octanol/water. two log units higher than the pH of the aqueous phase (pH = 7.4) used in the measurement [17, 20] .
Non-polar interactions are believed to be the dominant factor affecting LogP and LogD values as well as the retention of compounds on reverse-phase columns. A linear relationship between the logarithm of the chromatographic capacity factor (Logk') and LogP for structurally related compounds has been well established [23] . The parameters Logk' and LogP have thermodynamic significance and quantitatively define how structural variations alter the partitioning of a related series of compounds between immiscible phases [24] .
Flavonoids interact with other molecules through non-polar, dipolar, hydrogen bonding, or ion-dipole interactions. Accurate models are needed to predict how hydroxyl substituents affect the adsorption and incorporation of flavonoids into phospholipid structures. Immobilized artificial membrane (IAM) columns have been used to relate the number of flavonoid hydroxyl groups to retention delay (RD) changes [25] . Luteolin and quercetin were difficult to resolve on a reverse phase (C-18) column; however, with an IAM column, quercetin exhibited longer retention than luteolin. A hydroxyl group at position 3 increased the affinity of quercetin for the phospholipid-like adsorbent. An understanding of how each hydroxyl group contributes to flavonoid affinities for IAM adsorbent could improve QSAR's.
Reverse phase HPLC has been used to determine the relative overall polarities of flavonoids [26] . Using an octadecylsilane (C-18) column, 3HF exhibited longer retention than flavone, while 5HF exhibited the longest retention of the MHF's tested. Other MHF's exhibited shorter retention than flavone. These results indicated that 5HF is more non-polar than 3HF but this conflicts with a report of 3HF having a higher LogP value than 5HF [16] . This report also showed the LogP value for 3HF was dependent on the phase ratio indicating selfassociation occurred in one of the phases. Since hydroxyl groups at positions 3 and 5 are essential for many biological activities, it is important to know how these groups alter flavonoid affinity for phospholipid structures.
The structures of flavone, 3HF, 5HF, 5MF, the numbering system for flavone, and internal hydrogen bonds for 3HF and 5HF are shown in Figure 1 . The substitution constant π for monohydroxyflavones can be calculated from Equation 1 where LogD FX corresponds to the substituted flavone and LogD F corresponds to the parent compound, flavone [27] .
LogD values for flavone, MHF's, and MMF's were measured using 1-octanol/50mM MOPS (pH=7.4) and used to calculate the corresponding π values which are given in Table 2 . The elution of each MHF was compared to flavone using an octadecylsilane (C-18) column with a mobile phase of 80/16/4 v/v/v methanol/water/formic acid. The elution profiles for MHF's and flavone are illustrated in Figure 2 . Using this polar mobile phase, the protonated form of each MHF should predominate, thus, minimizing interactions with unbonded silica. These numerical values were obtained from chromatograms in Figure 2 .
The retention times (RT) were obtained from the chromatograms in Figure 2 and used to calculate values for k' and Logk'. The values for LogD, RT, k', and Logk' are compared in Table 3 . The compound 8HF was not available for analysis. Compared to flavone, 3HF and 5HF were the only MHF's with increased affinity for the C-18 adsorbent (longer RT). The other MHF's (6HF, 7HF, 2'HF, 3'HF, and 4'HF) had lower affinity (shorter RT) for the C-18 adsorbent than did flavone.
A plot of the values of Logk' versus LogD for flavone and MHF's is shown in Figure 3 . When the data for 3HF was excluded from the set, a good correlation was obtained (R 2 = 0.92). The k' value for 5HF was the largest of any MHF indicating it was the most hydrophobic. In several cases, most notably 7HF, the error limits (+/-s.d.) were rather large and other research groups have also reported large error limits for flavonoids when using the shake flask method [16] . The error limits for LogD of 3HF are outside the correlation exhibited by the other MHF's. The LogD values for the MMF's were within a very narrow range from a minimum of 2.98 (for 5MF) to a Table 4 .
Values of Logk' for the MMF's (from Table 4 ) are plotted against LogD values in Figure 4 . With all points included, a moderate correlation was obtained (R 2 =0.86). The error limits for LogD of 3'MF, and some other MMF's, were significant but the general correlation observed in Figure 4 suggests the relative values of LogD for the MMF's are reasonable.
With the exception of 3HF, the LogD values for MHF's and MMF's ( Table 2 ) correlated with Logk' values from the C-18 column. Immobilized artificial membrane (IAM) columns have gained acceptance for modeling the affinity of drugs for phospholipid membranes. The IAM adsorbent used in this study (IAM.PC.DD2, Regis Technologies) was composed of molecules of phosphatidylcholine (PC) bonded through alkyl chains, via amide linkage, to silica. The particle exterior resembles the aqueous interface of a phospholipid membrane. A mixture of acetonitrile (Ac-N) and phosphate buffer (pH=5.3) is recommended for the IAM column. The elution Figure 5 . The values for RT, k', and Logk' are compared to LogD in Table 5 . Logk' values are plotted against LogD values in Figure 6 . With all data included, a weak correlation (R 2 =0.79) was observed. The higher LogD values for 3HF and 5HF are factors contributing to greater k' values, but interactions due to dipolar forces are also involved. Numerical values were obtained from the chromatograms in Figure 5 .
In Figure 5 , the peak RT values for 3HF and 5HF are nearly identical; however, the peak shapes are quite different. While 5HF exhibited good peak symmetry, 3HF exhibited significant peak tailing, which became more pronounced when either the pH was increased or the percentage of buffered aqueous phase was Table 6 . Note that k' values for 3HF and 5HF were much greater than for the other MHF's when using this mobile phase. Logk' values, from Table 6 , are plotted against LogD values for flavone and MHF's in Figure 7 . With all data included there is little correlation, rather the data points separate into two identifiable groups. The greatest Logk' value was exhibited by 5HF (1.67) with 3HF having the second largest value (1.58). Logk' values for the other MHF's were about the same as for flavone ranging from 1.21 (3'HF) to 1.39 (2'HF). The effect of varying the proportions of aqueous buffer and acetonitrile was investigated at pH=6.5 and at pH=5.5. The results obtained at these two pH values were similar and only the results at pH=6.5 are presented here. Flavone and MHF's were assayed using mobile phase compositions of 60/40, 70/30, Table 7 .
Notice that with 40% Ac-N the RT for 3HF is longer than for 5HF, with 30% Ac-N the RT values for 3HF and 5HF were nearly the same, and with 20% Ac-N the RT for 5HF was longer than for 3HF. Plots of Logk' versus LogD for each mobile phase composition are compared in Figure 8 . This reversal of elution order indicates the relative polarity of one of the compounds is dependent on the polarity of the mobile phase. The self-association of 3HF, in mobile phases with higher Ac-N content, would be consistent with observed results. For all solvent compositions in Figure 8 , the correlations between Logk' and LogD were weak indicating retention was not solely dependent on nonpolar interactions. At pH=6.5, the hydroxyl groups for MHF's should have little ionization. MHF's were also assayed at pH=7.4 which is near the reported pKa for 7HF, the lowest for the MHF series. The chromatograms obtained from the IAM column using Figure 9 . With this mobile phase, 6HF, 7HF, 2'HF, 3'HF, and 4'HF all had retention times very similar to that of flavone. In contrast, 3HF and 5HF would not elute even after 1 hour. When the mobile phase pH was changed to 5.3, both 3HF and 5HF eluted within 30 minutes (data not shown). Legend: MHF's and flavone were assayed on an IAM column using a mobile phase of 60% PBS(pH=7.4)/ 40% acetonitrile. 5HF did not elute but 3HF eluted rapidly with little peak tailing.
The MHF's and flavone were also assayed using the mobile phase 60/40 v/v PBS(pH=7.4)/Ac-N. With this mobile phase, 5HF would still not elute from the IAM column; however, 3HF eluted with only a slightly greater retention time than flavone (F). This experiment is illustrated by the chromatograms shown in Figure 10 . Notice also that the peak tailing for 3HF is greatly diminished even compared to the chromatogram shown in Figure 5 (mobile phase 70/30 v/v PBS (pH=5.3)/Ac-N). This result argues that the chemical form of 3HF, and its tendency to interact with the IAM adsorbent, is significantly dependent on the polarity of the solvent. Selfassociation of 3HF may result in a complex that is more non-polar than the monomer form. At pH=7.4, 5HF would not elute from the IAM column even with 40% Ac-N in the mobile phase.
In summary, the measured LogD and π values for the MHF's, MMF's, and flavone were determined for the system of 1-octanol/50 mM MOPS (pH = 7.4). The relative LogD values correlated with chromatographic data obtained using reverse phase (C-18) columns. The main anomaly was 3HF which appeared to have a LogD value that was an overestimate of its hydrophobicity when compared to its retention by reverse phase (C-18) adsorbent.
The values of π for 3HF and 5HF were both positive indicating that hydroxyl groups at the 3 and 5 positions decrease polarity. The measured π value for the 3-hydroxyl group (+0.27) must be used with caution when estimating LogD or LogP values for complex flavonoids. The π value probably represents an overestimate of the contribution of a 3-hydroxyl group to hydrophobicity of the monomer. Other flavones with 3-hydroxyl groups may also selfassociate in 1-octanol and other non-polar solvents. The effect this may have on measured values for LogD or LogP needs to be considered when developing QSAR's. The values of π for other hydroxyl groups were about -0.2 meaning they contribute a slight increase to polarity.
When the MHF's were assayed on the IAM column with the mobile phase 80/20 v/v PBS (pH=6.5)/Ac-N, 3HF and 5HF exhibited RT values about twice as long as for the other compounds. The MHF's did not exhibit a good correlation between Logk' and LogD indicating that a combination of interactions were affecting k' for the IAM column. While the peaks for most of the MHF's exhibited good symmetry, 3HF exhibited peak tailing that became more severe with increasing pH or aqueous phase proportion. When the pH of the mobile phase was increased to 7.4, both 3HF and 5HF did not elute. When the mobile phase was kept at pH=7.4 and changed to 40% acetonitrile, 3HF had about the same RT as the other MHF's while 5HF did not elute. At pH values below 8, neither 3HF nor 5HF should be ionized significantly. The results observed with 3HF are consistent with strong dipole-ion interactions involving an ionizable group on the IAM adsorbent; however, these interactions are affected by the amount of acetonitrile in the mobile phase. The results are consistent with self-association of 3HF in more non-polar mobile phases, resulting in a lower tendency for 3HF to interact with the IAM adsorbent.
Experimental
Reagents and Solvents: 3-hydroxyflavone (3HF), 3-methoxyflavone (3MF), 5-hydroxyflavone (5HF), 5-methoxyflavone (5MF), 6-hydroxyflavone (6HF), 6-methoxyflavone (6MF), 7-hydroxyflavone (7HF), 7-methoxyflavone (7MF), 7-methoxy-8-hydroxyflavone (7M8HF), Flavone (F) 2'-hydroxyflavone (2'HF), 2'-methoxyflavone (2'MF), 3'-hydroxyflavone (3'HF), 3'-methoxyflavone (3'MF), 4'-hydroxyflavone (4'HF), and 4'-methoxyflavone (4'MF) were all obtained from Indofine Chemical Company Inc. (Hillsborough, NJ).
Methanol, 1-octanol, formic acid, and water were all HPLC grade solvents obtained from Sigma Chemical
